1 refractive index solid immersion lens to directly image the isofrequency contours of the guided modes (surface waves). Reconstruction of dispersion unambiguously reveals the transition between different dispersion regimes.
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1 Preserving the rich functionalities of their bulk counterpart, metamaterials, metasurfaces are cheaper and easier to fabricate, especially for the optical range. [2] [3] [4] At the moment, most of researches in the field of metasurfaces are focused on their application for manipulation of bulk waves, where metasurfaces are used as negative refraction plates, high NA lenses, polarization and phase control devices.
5-7
Localized modes of the metasurfaces attract special interest. These include surface waves (or guided modes in case of all-dielectric metasurfaces) , propagating electromagnetic states 8 localized perpendicular to the metasurface interface that do not radiate into the farfield. These properties make them very promising for applications in modern optoelectronic and all-optical on-chip signal delivery. In straightforward analogy with metamaterials used for the control over bulk waves, metasurfaces form a flexible platform for manipulating surface waves. [9] [10] [11] [12] [13] In particular, it was shown that a silver grating with the subwavelength period supports the transition from positive to negative refraction, self-collimation and diffractionfree propagation of surface plasmon polaritons in the visible range. 14,15 Also, hyperbolicallyshaped wavefronts of infrared phonon-polaritons were directly observed in metasurfaces based on nanostructured h-BN. 16 Whereas this effect in the h-BN structure is observed in the IR spectral range, the main disadvantage of a plasmonic material are high ohmic losses that hinder the application of surface waves (SWs) as on-chip signal carriers in such structures.
2
All-dielectric metasurfaces, on the other hand, have significantly lower losses and, therefore, are a viable alternative for plasmonic ones.
Regardless of the type of metasurfaces, their unusual properties have specific fingerprints in the SWs dispersion (the same applies to guided modes) and they can be most conveniently described in terms of isofrequency contours (IFC). IFC is a cross-section of the dispersion at a fixed frequency ω(k x , k y ) = ω 0 . Since group velocity V = ∇ k ω is normal to the IFC, the topology of the latter allows one to draw conclusions about the peculiarities of SW propagation. For example, the transition from positive to negative refraction of a surface plasmon-polariton between flat and nanostructured silver is a straightforward consequence of IFCs transformation from elliptic (with negative curvature) to hyperbolic shape (with positive curvature). 
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In this work, we propose a design of an extremely anisotropic all-dielectric SOI-based metasurface for the visible and near-IR spectral ranges which supports elliptic and hyperboliclike regimes of IFCs of guided modes (GMs) . We directly visualize the IFCs using a back focal plane microscopy setup with a solid immersion lens. Finally, we reconstruct the complete dispersion relation ω(k x , k y ) of GMs supported by the metasurface experimentally and numerically.
Setup
Since the dispersion law of GMs resides under the light line of the ambient media, they cannot be directly excited from free space due to the momentum mismatch. 8 The missing momentum required for the GM excitation can be gained, for example, through scattering of light on nanoparticles 24, 25 or periodic gratings. 26, 27 However, such configurations usually require near-field techniques to measure the fields of GMs and, therefore, they are not suitable for direct imaging of IFCs. Another option is to use the attenuated total internal reflection (TIR) with prism coupling (also known as Otto configuration), which is commonly used for characterization the dispersion relation. [28] [29] [30] However, standard Otto reflection setups only allow for measurements within a certain plane of incidence and they are, thus, hardly applicable for characterization of anisotropic structures due to the dependence of the dispersion on the in-plane direction.
Here, we use a setup that combines back focal plane microscopy with the Otto excitation configuration based on a solid immersion lens. The experimental setup is shown in In this configuration, the maximum attainable wavevector of the GMs measured in the units of free-space wavevector k 0 excitation equals to
where k GM is a wave vector of guided modes . Excitation of the GM is manifested as a dip in reflectivity at a particular angle. The depth of the dip that represents the GM coupling efficiency in attenuated TIR configuration depends on the gap between the hemisphere and the sample, and is controlled with high precision by a piezo positioner (S1 supplementary).
In the Fourier image channel of the setup (see Figure 1a) we use a combination of lenses to project the image of the BFP on the CMOS camera matrix. Since the angular spectrum of the radiation in the real plane is transformed into the spatial distribution in the BFP 5 (see Figure 1b) , pronounced reflection dips represent IFCs. In this way, the SIL -BFP experimental setup facilitates excitation of GMs and simultaneous visualization of their IFCs in a broad spectral range.
Results and discussions
We consider an anisotropic all-dielectric metasurface represented by a dense grating com- 
where ϕ is the azimutal angle counted from the x -axis, |T E and |T M are linearly polarized waves of the correspondent polarization. Therefore, for transverse or longitudinal incident polarizations full TE IFCs are only partially imaged in the BFP (compare e-h and m-p columns in Figure 2 ). Combining them together, one can obtain full contours for TE GMs . Over against, FMM allows to simulate IFCs for GMs with polarization, given by Eq. (2). We present these simulation in Supplementary (S1, S2, S3) where, in addition to polarization, the thickness of the buffer layer is taken into account (S1), which results in Newton's rings observation. Here we ignore them for simplicity. It should be also noted that while the numerical aperture of the system was expected to be 2.25 [Eq. (1)] from the measurements it was estimated to be 2.19. We associate this with a non-ideal spherical shape of the SIL and possible deviations of the refractive index of the ZnSe prism from the tabular values.
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We illustrate the process of efficient wave front shaping in our metasurface with Lumerical FDTD. Namely, we model the field distribution of the waves excited by a point electric dipole located in the plane of the metasurface. In accordance with the geometry of the experiment, we carried out simulations for the dipole oriented both along and across the bars. Note that 8 in such an orientation the polarization of GMs is defined by Eq. (2). We clarify the relation between IFCs and field profiles in terms of the group velocity, which is responsible for the propagation direction of GMs . The group velocity is normal to the IFC, with its positive direction towards the IFC with higher frequency (see the arrows in Figure 2 , i and k ).
We Finally, in Figure 2 h the observed contour regains the elliptic shape, similarly to the transverse case. Despite seeming simplicity, it is necessary to take into account periodicity in the x-direction, in which GMs obey dispersion not only of the first Brillouin zone, but also of the adjacent one. In the FDTD simulation (Figure 2 d ) , it manifests as interference of states with the wave vectors from the first and second the Brillouin zones.
To confirm that simulated fields straightforwardly relate to the IFCs excited by linear (longitudinal and transverse) polarization, we performed the Fourier transform for H z (See supplementary S2 and S3), which agrees nicely with both experimental and simulated IFCs.
Ultimately, using all available data, we recover complete GMs dispersion ω(k x , k y ). For this, we derive an isofrequency curve for each excitation wavelength in the whole measured range λ = 670 -1070 nm and combine them as shown in Figure 3 (a). 
Conclusion
We have studied dispersion properties of optical GMs supported by a strongly anisotropic all-dielectric metasurface. The nanostructured array composed of closely-packed silicon bars on a silica buffer layer was designed to support hyperbolic-like and elliptic dispersion regimes.
In the experiment, the IFCs of GMs were visualized by means of back focal plane microscopy.
The use of a hemispherical solid immersion lens allowed to drastically enhance the numerical aperture of the system up to NA ≈ 2.19 and gain access to strongly localized states. Using FDTD simulations, we illustrated multiple dispersion regimes depending on the wavelength and polarization of the incident wave. Finally, joining the whole set of the experimental data we have the full dispersion ω(k x , k y ) of guided modes propagating along the metasurface in all directions.
For Table of Synopsis: Our work is devoted to experimental observation of isofrequency contours of guided modes in all-dielectic metasurface. Using back focal plane microscopy with solid immersion lens. We investigate SOI -based metasurface represented by subwavelength alldielectric grating, that supports both hyperbolic-like end elliptic dispersion regimes. Combining all experimental data we reconstruct the full dispersion relation ω(k x , k y ).
